Abstract. Measurements of the OH Meinel emissions in the terrestrial nightglow are one of the standard ground-based techniques to retrieve upper mesospheric temperatures. It is often assumed that the emission peak altitudes are not strongly dependent on the vibrational level, although this assumption is not based on convincing experimental evidence. In this study we use Envisat/SCIAMACHY (Scanning Imaging Absorption spectroMeter for Atmospheric CHartographY) observations in the near-IR spectral range to retrieve vertical volume emission rate profiles of the OH(3-1), OH(6-2) and OH(8-3) Meinel bands in order to investigate whether systematic differences in emission peak altitudes can be observed between the different OH Meinel bands. The results indicate that the emission peak altitudes are different for the different vibrational levels, with bands originating from higher vibrational levels having higher emission peak altitudes. It is shown that this finding is consistent with the majority of the previously published results. The SCIAMACHY observations yield differences in emission peak altitudes of up to about 4 km between the OH(3-1) and the OH(8-3) band.
Introduction
It is generally assumed that the exothermic reaction of H and O 3 ,
is the main source of vibrationally excited OH near the mesopause, producing an emission layer -first identified by Meinel (1950) -that is centered at about 87 km with a full width at half maximum (FWHM) of about 8-10 km (e.g. Baker and Stair, 1988) . The first observation of the OH emission peak altitude was carried out in 1956 at the White Sands Proving Ground (New Mexico, US) using rocket photometer observations of the OH(9-3) band (Heppner and Meredith, 1958) . Ground-based observations of different OH Meinel bands are among the standard techniques to remotely sense the temperature of the emitting layer (e.g. French and Mulligan, 2010; Sigernes et al., 2003; Bittner et al., 2002; Espy and Stegman, 2002; Reisin and Scheer, 2002) . If simultaneous observations of the vertical volume emission rate profile of the OH band analyzed are not available, the interpretation of the temperature retrievals may be difficult. An extreme example is the dramatic decrease of the OH emission layer altitude down to about 78 km observed in early 2004 at high northern latitudes, leading to an apparent temperature increase of about 15 K (Dyrland et al., 2010) . Long-term, solar cycle and seasonal variations in OH emission altitude can also lead to apparent variations in ground-based OH temperature measurements, and may interfere with the determination of the actual long-term, solar cycle and seasonal variations of upper mesospheric temperatures.
Previous studies showed characteristic variations of the OH emission altitude with latitude (Marsh et al., 2006; Baker et al., 2007) , time of the year (e.g., Baker et al., 2007) , longitude (e.g., Liu and Shepherd, 2006) and with solar activity (Liu and Shepherd, 2006) . On shorter time scales, the height of the OH emission layer is affected by characteristic tidal variations (Ward, 1999) with maximum changes of about 3 km during the course of the night (e.g., Yee et al., 1997) .
Another potential difficulty for the interpretation of ground-based OH rotational temperature measurements is related to the possibility that Meinel bands originating from different vibrational levels may have different peak emission altitudes. The number of previous studies dealing with this aspect is rather limited. Furthermore, the main results of these studies are partly contradictory. Some model (McDade, 1991) and experimental studies (Mende et al., 1993) indicate that differences in emission peak altitudes for different vibrational levels are rather small. Other model (Makhlouf et al., 1995; Adler-Golden, 1997; Baker and Stair, 1988; Xu et al., 2012) and experimental results (Kaufmann et al., 2008; Xu et al., 2012) suggest a vibrational level dependence of the emission peak altitude of several km. Xu et al. (2012) recently provided a comparison of SABER OH emission observations and model results that showed evidence for a vibrational level dependence of the OH emission altitude with emissions from higher vibrational levels occurring at higher altitudes.
In this context it is also relevant to mention that according to Cosby and Slanger (2007) significant changes in the relative population of the OH vibrational levels occur throughout the night. Furthermore, the magnitude of these nocturnal variations changes from night to night. The OH vibrational population has to be considered a dynamic equilibrium between OH* production preferably in the higher vibrational levels (ν = 7, 8, 9 ) and collisional as well as radiative transfer to lower vibrational levels (Cosby and Slanger, 2007) .
In this study we use nightglow observations with SCIA-MACHY on Envisat to retrieve vertical volume emission rate profiles of the OH(3-1), OH(6-2) and the OH(8-3) Meinel bands, in order to investigate whether systematic differences exist in the mean emission altitudes of these bands. The three bands were chosen because they are the most commonly used bands for ground-based OH temperature retrievals. The SCIAMACHY observations are complemented by model simulations using an extended version of the model by McDade (1991) .
The paper is structured as follows. Section 2 provides information on the SCIAMACHY instrument and the Envisat satellite. The inversion method employed for the retrieval of vertical emission rate profiles from limb emission profiles is described in Sect. 3. The inversion results together with a discussion are presented in Sect. 4. In Sect. 5 the modelled OH(ν) fractional populations and volume emission rate profiles for different vibrational levels are presented and discussed. Section 6 briefly discusses the implications of the differences in emission peak altitude for different vibrational levels for measurements of OH rotational temperatures from the ground. Conclusions are provided at the end.
SCIAMACHY on Envisat
SCIAMACHY, the Scanning Imaging Absorption spectroMeter for Atmospheric CHartrographY (Burrows et al., 1995; Bovensmann et al., 1999 ) on ESA's Envisat is an 8-channel grating spectrograph covering the spectral range from about 214 nm up to about 2380 nm. Envisat was launched on 1 March 2002 into a sun-synchronous polar orbit with an inclination of 98.55 • and a descending node at 10:00 a.m. local solar time. SCIAMACHY observes scattered, reflected, transmitted and emitted electromagnetic radiation in nadir, solar/lunar occultation and limb-viewing geometry. Unfortunately, SCIAMACHY measurements abruptly ceased on 8 April 2012 with a fatal spacecraft failure. The main focus of the SCIAMACHY limb observations is on the daytime measurements of scattered solar radiation allowing, e.g. retrievals of stratospheric O 3 , NO 2 and BrO profiles as well as stratospheric aerosol extinction profiles. However, SCIAMACHY also performs limb observations on the Earth's night-side covering the tangent height range from about 72 km up to 150 km. These night-time or ecplise limb observations are employed in the current study. Note, that the local time of all SCIAMACHY measurements used for this study is close to 10:00 p.m. The eclipse limb measurements are also used to retrieve OH rotational temperatures from the OH(3-1) Meinel band (von . Unfortunately, these measurements do not cover the entire latitude range on the dark side of the Earth, because blocks of limb measurements are interrupted by calibration measurements. The range of latitudes covered changes with season, such that, e.g. high northern latitudes are only observed during northern winter. Continuous coverage throughout the year is only possible between about 10 • S and 20 • N. The vertical field of view of the limb observations is about 2.6-2.8 km at the tangent point, and the limb spectra are recorded in tangent height steps of 3.3 km.
During the early phases of the SCIAMACHY mission the limb tangent height information was affected by errors of up to several km von Savigny et al., 2005) . The main reasons for these tangent height errors -satellite attitude knowledge errors as well as a misalignment between the SCIAMACHY optical axes and the satellite reference frame -were identified and corrected (Gottwald et al., 2007) .
Only the most recent SCIAMACHY Level 1 data versions (7.03 and 7.04) are used in this study including the most upto-date corrections for instrument misalignments and satellite attitude errors. Recent investigations of potential anomalous drifts in SCIAMACHY tangent height information using solar occultation observations indicate tangent height trends of less than about 20 m yr −1 (Bramstedt et al., 2012) . These small trends in the limb tangent height information render the SCIAMACHY data set suitable to study possible temporal variations in the altitude of the OH Meinel emission layer. Calibration of the SCIAMACHY raw data (Level 1b data) was performed without correction for the memory effect and polarization (calibration flags 0 and 6), due to known problems with these corrections.
3 Methodology: inversion of volume emission rate profiles SCIAMACHY provides measurements of the limb emission rates integrated along the tangent line of sight. These limb emission rates (being a function of tangent height) have to be inverted to vertical volume emission rate profiles (as a function of geometrical altitude). The inversion was performed with a regularized least squares technique with statistical weighting. The retrieval altitude grid was chosen to be identical with the tangent height grid of the limb observations, i.e. the spacing between adjacent altitude levels is about 3.3 km. The retrieval is based on the assumption that the hydroxyl layer can be approximated by a set of 10 homogeneously emitting layers of 3.3 km thickness with center altitudes ranging from about 73 km up to 103 km. The basic inversion equation is given by:
Here, x = [x 1 , x 2 , . . . , x M ] T corresponds to the retrieved solution of the vertical emission rate profile, and y = [y 1 , y 2 , . . . , y N ] T corresponds to the measured limb emission profile (spectrally averaged over wavelength ranges presented in Table 1 ). The elements K ij of the matrix K are geometric weighting factors corresponding to the length of the transect of limb line of sight i through layer j of the model atmosphere. In the present case M equals N (i.e. K is a square matrix) because the retrieval altitude grid is identical to the tangent height grid. S is the measurement covariance matrix and is assumed to be diagonal. R and γ are the regularization matrix and the regularization parameter, respectively, and the standard L 1 matrix was chosen as regularization matrix. The regularization parameter γ was iteratively adjusted until χ 2 -as defined in the following equation -is identical to the summed up variances of the limb-radiances:
Because single OH(8-3) spectra ( ν = 5) as observed with SCIAMACHY are characterized by low signal-to-noise ratios, we determined monthly and zonally averaged limb spectra for 10 • latitude bins ( Fig. 1 shows some sample spectra). This is possible, because the tangent heights associated with the different tangent height steps are essentially identical for different limb measurements, at least within a month. We note that zonal averaging will eliminate the potentially significant longitudinal variations in OH Meinel emissions reported in earlier studies (e.g. Baker et al., 2007; Gao et al., 2011) .
The monthly averaged limb measurements consist of averaged limb spectra for the different tangent heights ranging from about 72 km to about 110 km. An additional radiance offset correction was performed by subtracting the average of the 2 spectra at tangent height steps 11 and 12 (about 107 km and 110 km) from the limb spectra at lower tangent heights. Visual inspection showed that the reference spectra at tangent height steps 11 and 12 do not contain any OH Meinel emission features, as expected. Before the inversion the limbradiances for the different OH bands are spectrally averaged over the spectral ranges listed in Table 1 to yield the elements of the measurement vectors y 3−1 , y 6−2 , and y 8−3 that are inverted using Eq. (1). The maximum signal-to-noise ratios are on the order of 5000 for the OH(3-1) band, 50 for the OH(6-2) band and 10 for the OH(8-3) band.
Results
In order to allow for an easier comparison of the inverted volume emission rate profiles of the three OH-Meinel bands analyzed, the volume emission rate profiles are normalized relative to their respective peak value for the following discussions.
The normalized volume emission rate profiles for all three OH Meinel bands and for July 2005 are shown in Fig. 2 for 10 • latitude bands between −30 • S and 10 • N. Despite some variability and despite the fact that SCIAMACHY is not able to identify the exact peak altitude -because of the ≈2.8 km vertical field of view and the 3.3 km tangent height sampling -it is evident that the OH(6-2) peak altitude is systematically higher than for the OH(3-1) band, and the OH(8-3) peak altitude is generally higher than for the OH(6-2) band. The total altitude shift -considering only altitudes above the emission maximum -between the OH(3-1) and the OH(8-3) profiles can be as large as 3-4 km. We also note the presence of an asymmetry with larger vertical shifts above the emission maximum and smaller shifts below. The origin of this apparent asymmetry will be discussed further and explained in section 5. In order to check, whether the retrieval code is capable of reproducing the observed limb-radiance profiles we compare in Fig. 3 the observed limb-radiance profiles (blue solid lines) for the three Meinel bands with the forward-modelled profiles (solid black circles) based on the retrieved volume emission rate profiles. The measurement errors are indicated by the blue dotted lines. Evidently, the retrieval is able to reproduce the observed limb-radiance profiles well, which is an important consistency check.
Note that even in the original limb-radiance profiles the difference in peak altitude between the three OH Meinel bands is already evident. Fig. 4 shows the normalized (with respect to the maximum limb-radiance) limb-radiance profiles for the OH(3-1), OH(6-2) and OH(8-3) bands that were used for the inversion to vertical volume emission rate profiles shown in Fig. 2 . As in the case of the inverted volume emission rate profiles there is -despite some variability -a fairly systematic vertical shift of the emitting layers with the bands originating from higher vibrational levels occurring at slightly higher altitudes. Again, the exact emission peak altitude differences cannot be resolved with SCIAMACHY due to the relatively large vertical field of view and the vertical sampling. However, the altitude shifts are evident.
The inversion algorithm was applied to the SCIAMACHY data set between September 2002 and December 2010. The results for all months in this period and for all latitude bins are very similar to the ones shown in Figs. 2 and 4 and clearly indicate that OH Meinel emissions originating from higher vibrational levels typically peak at slightly higher altitudes.
Comparison to previous results
We now discuss whether our findings are consistent with the results presented in the limited number of earlier observational studies on this topic. Comparisons with published and new model simulations will be presented and discussed in Sect. 5.
López multi-band rocket photometer observations. Each of the three photometer passbands covered several OH Meinel transitions. López-Moreno et al. (1987) found a maximum peak altitude difference of about 5 km. Interestingly, the density peak altitude does not increase monotonously with increasing vibrational level. The largest density peak altitude was found for ν = 5 (about 91 km), and the peak altitudes for ν = 6 and 7 were again 3 km lower. The SCIAMACHY results presented here are only partly consistent with the results by López-Moreno et al. (1987) in the sense that significant differences in density peak altitude -and consequently emission peak altitude -are found for the different values of ν . However, López-Moreno et al. (1987) do not find the largest emission peak altitude to be associated with the highest vibrational level, contradicting the results presented here.
One of the most important and most cited previous studies on the altitude of the OH Meinel emission bands was published by Baker and Stair (1988) , providing a comprehensive compilation of rocket observations of OH emission rate profiles carried out between 1956 and 1984. Baker and Stair (1988) even explicitly discuss altitude differences between different upper vibrational states in the context of the USU/AFGL (Utah State University/Air Force Geophysics Laboratory) dual photometer rocket observations of the (4-2) and (5-3) as well as the (7-5) and (8-6) bands of OH (see Table IV in Baker and Stair, 1988, and Table 2 of this study). For the New Mexico observations in 1973 the emission peak altitude of the OH(4-2) and OH(5-3) bands is 87 km, whereas for the OH(7-5) and OH(8-6) bands a value of 89.2 km is found, i.e. roughly 2 km difference for a difference in vibrational levels of 3. For the Alaska observations in 1975 a peak altitude 87.7 km is found for the OH(4-2) and OH(5-3) bands, whereas 89.9 km was derived for the OH(7-5) and OH(8-6) bands. Baker and Stair (1988) Table V in Baker and Stair (1988) . See text for a detailed description of the data screening applied.
28 Fig. 5 . Dependence of OH(ν , ν ) emission peak altitude on the upper vibrational level ν as extracted from Table V in Baker and Stair (1988) . See text for a detailed description of the data screening applied.
differences with caution due to potential contamination by the O 2 ( 1 g ) emission -although this emission does not overlap with any of the bands discussed -and possible effects caused by gravity waves. We now investigate, whether the ν-dependence of the emission peak altitude observed in SCIAMACHY data is also present in the OH peak altitude observations compiled in Baker and Stair (1988) (their Table V ). The Table lists results of 56 OH observations -mainly rocket observations, but also a few satellite measurements -carried out at different locations (latitudes vary between 3 • S and 75 • N) between July 1956 and February 1984. A few observations yielded emission peak thicknesses that may be considered unrealistically large and in the following observations with emission peak thicknesses exceeding 17 km are excluded (9 cases). Note that many studies measure several OH bands simultaneously. In those cases the mean upper vibrational level is determined and studies with filters covering bands originating from more than 3 adjacent vibrational levels are not considered. Fig. 5 shows for the remaining cases the dependence of the emission peak altitude listed in Table V of Baker and Stair (1988) on the upper vibrational level. Despite the scatter, Fig. 5 indicates that the emission peak altitude increases with increasing vibrational level. A linear fit to the set of data points shown in Fig. 5 yields a slope of 0.63 ± 0.30 km per vibrational level, which is in good quantitative agreement with the SCIAMACHY results presented in this study, as well as with the model simulations by Adler-Golden (1997) and the ones presented later in Sect. 5.
The above interpretation of the results by Baker and Stair (1988) may be criticized, because measurements at different latitudes and local times are combined, and possible latitude and tidal variations of the emission peak altitude may interfere with the dependence on the upper vibrational level. In order to eliminate these effects we now only focus on the observations listed in Table V of Baker and Stair (1988) that were carried out at the same location, on the same day and at the same time. Limiting the analysis to observations with emission peak widths smaller than 17 km, and to OH emissions originating from 3 or less adjacent vibrational levels leads to 8 cases of simultaneous observations of different Meinel bands. These measurements are listed in Table 2 . For 6 out of these 8 cases, the OH emission profiles peak at higher altitudes for higher vibrational levels. The two exceptions are the measurements reported by Thomas and Young (1981) and by López-Moreno et al. (1984) . The Thomas and Young (1981) measurements (codes 771921-771924) are partly inconsistent with the hypothesis that OH in higher vibrational levels emits at slightly higher altitudes. Two of these four measurements cover the OH (5-3) to (6-4) bands, and the remaining two the (7-4) to (9-6) bands. If the mean OH emission peak altitudes for the (5-3) to (6-4) bands and the (7-4) to (9-6) bands are compared, then the emission originating from the higher vibrational levels occurs at a higher altitude. Also, the 3 measurements by López-Moreno et al. (1984) are only partly consistent with the assumption that the emission from higher vibrational levels peaks at higher altitudes: the (3-1) to (4-2) bands peak at 84.0 km, the (4-2) to (5-3) bands at 87.5 (consistent with the hypothesis that emissions from higher vibrational levels peak at higher altitudes), but the (5-3) to (6-4) band peaks at 87.0 km.
For completeness we mention that Ulwick et al. (1986) (codes 840411 and 840412) also reported on simultaneous observations of OH emission rate profiles -of the same bands, however -and found a difference in peak altitude of 4 km.
The overall conclusion of the analysis of the observations compiled by Baker and Stair (1988) is that the majority of the coincident rocket measurements of different OH bands is consistent with the hypothesis, that emissions from higher vibrational levels peak at higher altitudes. Mende et al. (1993) presented another study addressing the question, whether OH emissions from higher vibrational levels occur at higher altitudes. The authors used measurements taken with a grating spectrometer flown on the space shuttle (mission STS-37) in November 1990. The emission rate profiles of several OH Meinel bands were observed (8-3, 7-2, 6-1, 9-3, and 6-0), but no systematic dependence of the emission peak altitude with vibrational level was found.
In a more recent study Kaufmann et al. (2008) presented an example of limb-radiance profiles in the OH(9-6) and the OH(3-1) Meinel band -observed with SCIAMACHYthat suggests a vertical shift of the OH(9-6) relative to the OH(3-1) emission layer of about 3 km. This altitude shift is roughly consistent with about 0.5 km vertical displacement per vibrational level. However, the data presented by Kaufmann et al. (2008) is only an example and the presented, i.e. uninverted limb-radiance profiles do not allow accurate determination of the altitude shift.
C. von Savigny et al.: Vibrational level dependence of OH* Meinel emission altitude
Finally, it is noteworthy that differences in emission peak altitudes for different vibrational levels similar to the ones seen in the SCIAMACHY observations presented here were recently also identified in OSIRIS (Optical Spectrograph and InfraRed Imager System) ) observations (R. Gattinger, personal communication, 2011 as well as SABER (Sounding the Atmosphere using Broadband Emission Radiometry) (Russell et al., 1999) measurements (J.-H. Yee, personal communication, 2011 ; See also Xu et al. (2012) ). In terms of OSIRIS observations vertical volume emission rate profiles of the OH(3-1) and OH(9-4) bands yielded vertical shifts of up to about 3 km with the OH(9-4) band peaking at higher altitudes (R. Gattinger, personal communication, 2011). SABER has broad-band channels near 1.6 µm and 2.0 µm covering the (5-3)/(4-2) and the (9-7)/(8-6) bands of OH, respectively. For tropical latitudes and July 2005, the SABER OH emission profile measurements show an altitude shift between the 2 channels of about 2 km, with the emission rate profile peak of the 2.0 µm channel occurring at a higher altitude (J.-H. Yee, personal communication, 2011) . The recent study by Xu et al. (2012) also shows systematic vertical shifts -consistent with the other results discussed here -of the volume emission rate profiles retrieved from observations in the two SABER channels of 2-3 km for selected days of the year 2003. Note that all of these observations are approximately consistent with a 0.5 km altitude shift per vibrational level. A detailed comparison of the SCIAMACHY, SABER as well as OSIRIS results on vertical shifts between OH Meinel bands originating from different vibrational levels will be presented in a follow-up publication (McDade et al., 2012 ; to be submitted).
In conclusion, we note that -despite the existence of some contradicting cases -the majority of the previously published experimental studies are in fact consistent with the hypothesis, that the OH emissions originating from higher vibrational levels peak at higher altitudes.
Model simulations
The model employed here is based on the model also used by McDade (1991) . As the model has been described in detail in McDade and Llewellyn (1987) and McDade (1991) only the most important features as well as the changes are described here. As mentioned above, the reaction
is generally considered to be the only excitation mechanism of vibrationally excited OH near the mesopause, producing OH molecules preferentially in the ν = 6, 7, 8, 9 vibrational levels. The lower vibrational states can be populated through a radiative cascade from the initially populated higher levels
or by collisional relaxation
Additionally, vibrationally excited OH may be entirely removed: Following McDade (1991) , the concentration of OH in vibrational state ν can be -for steady state conditions -expressed by:
where p(ν) is the nascent production rate of OH in vibrational level ν, and k Q L is the total rate constant for removal of OH in vibrational level ν through Reactions (R4) and (R5). A(ν) corresponds to the inverse radiative lifetime of OH in vibrational level ν.
Equation (3) can be transformed into an expression for the relative population of vibrational level ν with respect to ν = 9:
Here, F (ν) = p(ν)/p(9), a(ν * , ν) = A(ν * , ν)/A(9) and the remaining quantities are defined as in McDade (1991) . Equation (4) is in the following used to calculate the fractional population of OH for the different vibrational levels ν.
McDade (1991) determined the fractional population of the OH vibrational levels ν = 1, . . . , 9 based on 4 different sets of assumptions: a collisional cascade model without quenching by atomic oxygen, a sudden-death model without quenching by atomic oxygen, a collisional cascade model with maximum atomic oxygen quenching as well as a sudden death model with maximum quenching by atomic oxygen. The 4 sets of assumptions lead to differences in the modelled OH emission peak altitude associated with all vibrational levels of 1-2 km at most. The two models that ignore quenching by atomic oxygen cause vibrational bands originating from lower vibrational levels to peak at higher altitudes, contradicting the SCIAMACHY results presented in this study and also contradicting several earlier studies, as −1 ) was taken from Langhoff et al. (1986) , the nascent population by Steinfeld et al. (1987) (see Table 3 ) was used and O-quenching based on the rate constant in Adler-Golden (1997) was considered. Right panel: normalized emission rate profiles for vibrational levels ν = 1, . . . , 9 calculated with Eq. (7). 4). The lifetime at level ν = 9 (A(9) −1 ) was taken from Langhoff et al. (1986) , the nascent population by Steinfeld et al. (1987) (see Table 3 ) was used and Oquenching based on the rate constant in Adler-Golden (1997) was considered. Right panel: normalized emission rate profiles for vibrational levels ν = 1, . . . , 9 calculated with Eq. (7). discussed in Sect. 4. Therefore, taking quenching by atomic oxygen into account appears to be a necessary prerequisite for reproducing a realistic dependence of the emission peak altitude on vibrational level. The importance of quenching by atomic oxygen was also emphasized in the model study by Makhlouf et al. (1995) . For the initial model simulations presented here the Oquenching rate constant also assumed by Adler-Golden (1997) was used, i.e. k O L (ν) = 2 × 10 −11 cm 3 s −1 for all vibrational levels ν. Note that this value is very similar to the maximum O-quenching case of McDade (1991) -considering typical radiative lifetimes at vibrational level ν = 9 -and it was also used in the study by Kaufmann et al. (2008) . In Sect. 5.1 we also test the effect of using the O-quenching rate constant recently suggested by Smith et al. (2010) including the correction presented in Xu et al. (2012) .
Following McDade (1991) , the relative transition probabilities A(ν , ν ) are taken from Murphy (1971) , and A(9) -the inverse lifetime of level ν = 9 -is taken for test purposes from Mies (1974) , Langhoff et al. (1986) or Turnbull and Lowe (1989) , as described below. It is found, however, that the resulting relative populations of the vibrational levels as well as the modelled vertical emission rate profiles are very insensitive to the assumed value of A(9). Vertical concentration profiles of O, O 2 and N 2 are taken from the MSIS-E90 climatology (Hedin, 1991) .
The collisional cascade model used by McDade (1991) only allowed for single-quantum collisional deactivation. Following Adler-Golden (1997) , the model by McDade (1991) was extended in the following way: multiquantum collisional deactivation by O 2 is considered by using the state-to-state quenching rate constants listed in Table 3 of Adler-Golden (1997) . Adler-Golden (1997) determined the rate constants for multi-quantum collisional relaxation empirically assuming an exponential scaling of the rate constants with quantum number difference ν (Eq. 11 in Adler-Golden, 1997) using zenith observations of several Meinel bands reported by Takahashi and Batista (1981) . For N 2 -an inefficient quencher of OH -single-quantum deactivation is assumed, and the ν-dependent rate constants also used by Adler-Golden (1997) are adopted here.
This model is then used to determine the fractional population of the different vibrational levels as a function of altitude. The left panel of Fig. 6 shows the fractional population of the different vibrational states as a function of altitude determined with Eq. (4), assuming the nascent population by Steinfeld et al. (1987) (see Table 3 ). Evidently, the model produces a fairly significant altitude variation of the fractional population of the OH vibrational levels ν = 1, . . . , 9. The fractional population of the higher vibrational levels increases with increasing altitude. This altitude variation in fractional population is more pronounced than for any of the four cases investigated by McDade (1991) .
In a next step the relative fractional populations are used to model the ν-dependence of the OH emission rate profiles. This model is based on the following assumptions:
1. The initially produced OH * follows a Gaussian altitude profile with a peak height of z mean = 87 km, and a FWHM of 8 km, based on the results of Baker and Stair (1988) :
with σ = FWHM/2 √ 2 ln 2 . 2. The resulting vertical emission rate profile VER(ν, z) associated with emission from vibrational level ν is now determined by weighting G(z) with the fractional population N(ν) (see Eq. 4):
3. For easier comparison of the volume emission rate profiles for different vibrational levels ν the emission rate profile of every ν is normalized to its maximum value, i.e. the peak values of the normalized emission rate profiles for different ν are all 1:
The resulting normalized volume emission rate profiles associated with the different upper vibrational levels ν = 1, . . . , 9 are shown in the right panel of Fig. 6 . As this figure illustrates, the pronounced altitude variation in fractional population (left panel of the same figure) also leads to significant differences in the normalized emission rate peak altitudes for the different vibrational levels, with emissions originating from lower vibrational levels occurring at lower altitudes. The peak altitude difference between the vibrational levels ν = 1 and ν = 9 is about 4 km, leading to an averaged peak altitude difference of about 0.5 km for emissions originating from adjacent vibrational levels. This altitude difference for adjacent vibrational levels is -as expected -consistent with Adler-Golden (1997) . A closer inspection of the right panel of Fig. 6 shows that the emission peaks are not equally spaced in altitude. The peak altitude difference between adjacent vibrational levels decreases with increasing vibrational level.
Based on (a) the model simulations performed here, and (b) the differences between our model results and the ones reported in McDade (1991) we conclude that both quenching by atomic oxygen as well as multi-quantum collisional relaxation by O 2 are important in terms of reproducing the observed vibrational level dependence of the OH emission peak altitude. In order to evaluate the relative contributions of O-quenching and the multi-step quenching by O 2 to the strong vibrational level dependence in OH emission peak altitude seen in Fig. 6 , we ran the model in a separate test without any quenching by atomic oxygen. The results of this test are presented in Fig. 7 . The altitude dependence of the fractional population is significantly smaller if quenching by atomic oxygen is not considered. It is worth noting that for altitudes between 80 and 85 km the modelled fractional populations for the two cases (with and without O-quenching) are very similar. This effect is easily explained by the strong increase in [O] with increasing altitude in combination with the decreasing concentrations of O 2 and N 2 with increasing altitude, which make quenching by O a relatively inefficient process below 85 km. At higher altitudes the lower vibrational levels are more strongly quenched by O than by O 2 -relative to lower altitudes -which leads to the decreasing fractional populations of the lower vibrational states at altitudes above about 85 km in the left panel of Fig. 6 . In terms of the vibrational level dependence of the volume emission rate profiles, neglecting quenching by O leads to a significantly reduced ν-dependence of the emission peak altitude (compare right panels of Figs. 7 and 6). However, in contrast to the findings of McDade (1991) , neglecting O-atom quenching leads to the correct ν-dependence of the emission peak altitude in a qualitative sense (except for ν = 9), i.e. emissions originating from higher vibrational levels peak at higher altitudes. This finding again confirms that both, quenching by atomic oxygen as well as multi-quantum collisional deactivation contribute to the vibrational level dependence of the emission peak altitude.
Sensitivity tests
In order to investigate the sensitivity of the model results to some of the basic assumptions made we performed a series of tests. Note that a more comprehensive sensitivity study treating effects of uncertainties in all parameters and testing all published rate constants available for the relevant reactions is beyond the scope of this study.
Rate constants for quenching by O and O 2
The analysis presented above indicates that quenching by atomic oxygen is the key process to explain the vertical shifts between Meinel emissions originating from different vibrational levels. Accurate modelling of this quenching requires accurate knowledge of the atomic oxygen concentration profile in the MLT region as well as of the reaction rates for both quenching by O (Reaction R5) and collisional relaxation by O 2 (Reaction R4). Particularly the O-quenching reaction rate is uncertain (see Table 4 in Xu et al. (2012) for a compilation of published rate constants) and in order to test the sensitivity Atmos. Chem. Phys., 12, 8813-8828, 2012 www.atmos-chem-phys.net/12/8813/2012/ Fig. 6 , except that quenching by atomic oxygen is modelled using the O-quenching rate constant taken from Smith et al. (2010) in combination with the correction factor (β = 1.293) from Xu et al. (2012) . Adjusted O 2 -quenching is also taken from Xu et al. (2012) , but is found to have only minor impact on the model results.
of the results to the value of the O-quenching rate we use the recently published rate constant value by Smith et al. (2010) in combination with the correction factor (β = 1.293) derived by Xu et al. (2012) . The Smith et al. (2010) value is with k O L (ν) = 0.5 × 10 −11 cm 3 s −1 only one forth of the Adler-Golden (1997) value. Based on the case study neglecting quenching by atomic oxygen described above, we expect that the vertical shifts between emissions from different vibrational levels will be smaller with the Smith et al. Figure 8 also demonstrates, that the asymmetry in terms of smaller vertical shifts below the emission peak and larger shifts above the emission peak is now more pronounced, in agreement with the SCIAMACHY results presented in Fig. 2 . We conclude that using the Smith et al. (2010) Oquenching rate constant including the Xu et al. (2012) correction factor (β = 1.293) allows for a more realistic modelling of the asymmetry seen in the SCIAMACHY measurements. We also tested using the Smith et al. (2010) O-quenching rate constant without applying the Xu et al. (2012) correction factor, and found that the effect of the Xu et al. (2012) correction factor is rather small, as expected.
Scaling the atomic oxygen concentration profile
In an additional test we investigated the sensitivity of the model results to changes in the atomic oxygen profile by The resulting model output is displayed in Fig. 9 . The main effect is an increase of the vertical shifts between emissions from different vibrational levels with increasing scaling factor. The results also demonstrate that the asymmetry discussed above -smaller/larger vertical shifts below/above the emission peak -becomes smaller again with increasing scaling factor if the factor exceeds a value of about 2. This may again suggests that the O-quenching rate constant employed by Adler-Golden (1997) is likely too large.
Variability of width and mean altitude of initially produced OH profile
The effect of changing the peak altitude and peak width of the initially produced OH * (via the reaction H + O 3 −→ OH * +O 2 ) on the model results was also investigated. For this purpose the mean altitude of the assumed Gaussian function was changed by ± 3 km and the FWHM was varied from 4 km to 12 km in steps of 2 km. The effect of changing the peak altitude is illustrated in the top row of Fig. 10 and the effect of changing the peak width is shown in the bottom row of this Figure. In terms of the peak altitude dependence of the model results the main conclusion of this study -emissions from higher vibrational levels peak at higher altitudes -is not affected. However, an increase in the vertical shifts is observed both below and above the emission peaks if the peak altitude becomes larger. This effect is again directly caused by the larger atomic oxygen concentrations at higher altitudes.
Regarding the effect of the peak width of the initially produced OH * we find that the resulting vertical shifts are significantly affected (bottom panel of Fig. 10 ). The vertical shift increases with increasing peak width, and so does the asymmetry of the modelled emission rate profile. The latter effect is caused by the increasing difference in the atomic oxygen abundance -between altitudes in the lower and upper parts of the emission rate profile -for increasing peak width.
Effect of assumed nascent distribution and A(9)
Finally, we also tested the effect of the assumed nascent distribution p(ν) and the assumed value for the inverse radiative lifetime A(9) of level ν = 9 on the fractional populations. The different nascent OH(ν) distribution parameter sets used here are listed in Table 3 . In terms of A(9) the values by Mies (1974) , Turnbull and Lowe (1989) and Langhoff et al. (1986) were used. The differences in fractional populations and vertical emission rate profiles between the sets of nascent distributions and A(9) values were found to be very small (not shown). 31 Fig. 10 . Sensitivity of the modelled vertical emission rate profiles to peak altitude (top row) and peak width (bottom) of the initially produced OH * profile. The initially produced profile is assumed to follow a Gaussian function with peak altitude z mean and a given FWHM. The rate constants for quenching by atomic oxygen and molecular oxygen are the corrected values published in Xu et al. (2012) .
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Comparison of SCIAMACHY observations and model results
We now discuss how the modelled differences in emission peak altitudes compare to the experimental results obtained from SCIAMACHY observations described above. In terms of the model results we focus on the simulations including the Xu et al. (2012) O and O 2 quenching rates (see Fig. 8 ), because those produce an asymmetry in terms of vertical shifts below and above the emission peak that is in better agreement with the SCIAMACHY observations. The modelled altitude difference between emissions from vibrational levels ν = 6 and ν = 3 is about1.0-1.5 km. This is in good quantitative agreement with the SCIAMACHY results indicating about a 1.0-2.0 km difference in emission altitude between these vibrational levels. The modelled altitude difference between vibrational levels ν = 8 and ν = 6 is with about 0.2 km significantly smaller than the observed difference of about 1 km. The reasons for this discrepancy are not fully known, but are likely related to the remaining uncertainty of the O-quenching rate constant and/or errors in the assumed atomic oxygen profile. Still, the model qualitatively reproduces the observed peak altitude differences.
Effect on ground-based OH temperature observations
In this section we briefly discuss the effect of different peak emission altitudes associated with OH Meinel emissions from different vibrational levels on OH temperature retrievals using ground-based observations. Note that a comprehensive investigation of these effects including consideration of, e.g. seasonal and latitudinal variations of the atmospheric temperature profile as well as possible variations in peak emission altitudes -and emission altitude differences for different vibrational levels -is beyond the scope of this study. Here we assume that the OH emission profile can be modelled with a Gaussian function with 8 km FWHM and different peak altitudes (z mean in Eq. 5) and we use this function as a weighting function for the temperature profile. The temperature profile assumed was determined using the MSIS-90E model for 1 July 2005, a latitude of 0 • and a longitude of 0 • . The peak altitudes were then varied from 85 km to 89 km in steps of 0.5 km. The resulting difference in altitudeweighted temperature for a 4 km difference in emission peak altitude is 5.8 K, and the mean temperature difference for an emission peak difference of 0.5 km was found to be 0.65 K. If we assume that the emission peak of the OH(6-2) band may be 2 km higher than for the OH(3-1) band, then the resulting temperature difference between OH(6-2) and OH(3-1) measurements from the ground may be as large as about 2.6 K -ignoring all other potential difficulties associated with the comparison.
The exact numerical values of the temperature differences resulting from different emission peak altitudes will vary with season and latitude, but this simple analysis shows that the effect of different vibrational levels having different emission peak altitudes may cause differences between ground-based observations employing different OH Meinel bands on the order of a few K. Moreover, the analysis indicates that accurate knowledge on the OH emission peak altitude, peak width and its shape are essential for interpreting variations -particularly slow and long-term variations -in OH rotational temperature measurements from the ground. Available satellite observations of the OH emission layer, e.g. from SCIAMACHY or SABER should be used to complement ground-based OH rotational temperature measurements.
Conclusions
Vertical emission rate profiles of the OH(3-1), OH(6-2) and OH(8-3) Meinel emission bands in the terrestrial nightglow were retrieved from limb observations with SCIAMACHY on Envisat. The main focus of this study was to investigate, whether the emission peak altitudes of these three Meinel bands differ. Differences in emission peak altitude of up to 4 km between the OH(3-1) and the OH(8-3) bands were identified in the SCIAMACHY data set, with emissions originating from higher vibrational levels occurring at larger altitudes. The OH(6-2) emission rate profile is typically vertically shifted upward by 1-2 km relative to the OH(3-1) band, and the OH(8-3) band is generally found to peak about 1 km higher than the OH(6-2) band. A review of the existing studies addressing this issue revealed that the SCIAMACHY observations are consistent with the majority of the previously published results.
The SCIAMACHY observations were complemented by model simulations using an extended version of the McDade (1991) model that allows the relative population of the different vibrational levels of OH to be simulated. Although several of the assumed rate constants are still highly uncertain, the model simulations quantitatively reproduce the observed differences in emission peak altitudes between different vibrational levels. The emission peak altitudes of OH emissions from adjacent vibrational levels were found to differ by roughly 0.5 km. More comprehensive model simulations and comparisons of absolute emission rates are planned for the near future in order to investigate the possibility to empirically constrain the values of some of the relevant reaction rates.
